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1

LEVEL SHIFTER WITH OUTPUT SPIKE
REDUCTION

This application claims priority under 35 USC 119 to U.S.
provisional application No. 61/135,278 filed Jul. 18, 2008
and entitled “Circuits for a Charge Pump with Common
Mode Tuning Op Amp”, the entire contents of which are
hereby incorporated herein by reference.

BACKGROUND

1. Field

The present disclosure 1s applicable to electronic inte-
grated circuits (“ICs™), and particularly to level shifter cir-
cuits that convert binary signals from one voltage range to a
different voltage range.

2. Related Art

It 1s usually desirable for an IC to operate from a single
voltage supply. However, many 1Cs require two or more dif-
terent voltage supplies internally for ideal operation. In such
circumstances a binary-level signal that operates satisiacto-
rily within the bounds of a first supply often needs to be
conditioned so that it 1s capable of controlling circuits that
operate across a different, typically wider, voltage range.
Ideally, circuits are available that accept a logic level mput
signal to control one or more outputs that each range from the
most positive voltage of a first, higher supply voltage to the
lowest (or most negative) voltage of a second, lower supply
voltage. In this paper, such circuits are referred to as “level
shifters”. The logic level signal range need not be identical to
cither the higher or the lower supply voltage.

FI1G. 1 1llustrates an example of a level shifter that responds
to a logic level input to control a circuit operating over a wider
voltage range than that of the logic supply. The circuit oper-
ating over a wider voltage range 1s a relatively simple RF
switch. A differential output level shifter 800 accepts a
“Select A/B” mput signal 102 that operates between logic+
and logic—. Both level shifter outputs switch between the
positive supply, VDD 104, and the negative supply, VSS 106,
depending on the voltage of the input 102. If the input 102 1s
high then OUT 108 will be driven to approximately VDD,
while OUTX 110 will be driven to approximately VSS.

The voltages of the logic supply, and of VDD 104 and VSS
106, depend on the requirements of the circuit in which the
level shifter operates. VDD and VSS supplies are often sym-
metric, having the same magnitude voltage. The exemplary
embodiment described in the most detail herein 1s suitable for
symmetric positive and negative supplies, but 1s also suitable
for asymmetric supplies. As one example, logic+ and VDD
106 may both have a value of approximately 2.4V with
respect to circuit common, which 1n turn may be approxi-
mately equal 1n potential to an RF reference voltage “ground”
140. VSS 106 may be -3.4V with respect to ground 112.

In other circuits the supply values may vary widely. As a
first representative alternative, VDD may be +10V, logic+
+3V, logic— 0V, and VSS -10V. As a second representative
alternative, VDD may be +6V, VSS may be -5V, and logic+
may be OV while logic— 1s =5V. In a third alternative, VDD
may be 2.4V, logic+ may be 2.4V, logic— may be 0 or com-
mon, and VSS may be -2.4V. The input control voltage range
need not extend to either VDD or VSS. Indeed, though it 1s
typically so, OV or the “common” voltage disposed between
VDD and VSS need not constitute either logic+ or logic-.

In the exemplary circuit of F1G. 1 the outputs OUT 108 and
OUTX 110 control an SPDT (single pole double throw) RF
switch to connect an antenna 114 to either an RF mnput A 116,
or to an RF transmit signal B 118. When Select A/B 102 1s
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2

high (or, more generally, “true”), the level shifter output OUT
108 15 driven to about VDD, turning on FETs M, 120 and M,

122. The level shifter inverted output OUTX 110 1s concur-
rently driven to VSS, turning off FETs M, 124 and M, 126.
Consequently, the antenna 114 1s coupled via FET M, 122 to
input A 116 of a low noise amplifier (LNA) 128, which

provides an amplified signal to RF Rcv 130 which 1s coupled
to further recetve processing circuits (not shown).

An RF signal intended for transmission may be provided to
RF mput 132 of a power amplifier 134, the output of which 1s
matched to the impedance of the antenna 114 by a matching
network 136. The matching network typically includes a
blocking capacitor or other mechanism such that the RF
transmit signal B 118 has a large amplitude RF signal with a
mean voltage of zero volts. The RF Xmt mnput 132 should be
quiescent when Select A/B 102 1s true. In this “A” selection
condition, FET M, 124 1s off, while FET M, 120 shunts any
residual signal present at B 118 to ground 112, thus minimiz-
ing interference with the extremely small RF receive signal
picked up by the antenna 114.

When Select A/B 102 1s false, OUT 108 1s driven to VSS
and OUTX 110 1s driven to VDD. This causes FETs M, 124

and M, 126 to be turned on, and FETs M, 120 and M, 122 to
be turned off. Accordingly, the RF transmit signal A 118 1s no
longer shunted to ground by M, 120, but instead 1s coupled to
the antenna 114. The sensitive input to the LNA 128 1s pro-
tected by M, 122 having a ligh impedance, plus M, 126
shunting any leakage signal to ground 112. Gate resistors (not
shown) 1n series with the gate of each of M1-M4, in conjunc-
tion with parasitic drain-gate and gate-source capacitances
Cdg and Cgs, protect the FETs from sutlering excess voltages
from gate to drain or source (Vgs and Vgd) because of the
high frequency of the zero-average RF signal at B 118.

FIG. 1 illustrates an exemplary use of a level shifter to
provide drive control to an RF signal switch circuit. The
voltages VDD and VSS may be adjusted to the requirements
of the FE'T switches, which often operate at much higher
voltages than those employed for select signal Select A/B

102. The FETs of the RF SPDT switch may be high voltage
devices, or may be low voltage devices arranged 1n a
“stacked” or multiple-gate configuration that increases the
overall voltage withstand capability of the switch. Of course,
though FIG. 1 illustrates only one type of use for level shifter
circuits such as level shifter 800, level shifters are employed
in myriads of different types of circuits. Level shifters are thus
highly usetul for a wide range of purposes.

A method and apparatus having improved features for level
shifting are described herein. The maximum operating volt-
age of a level shifter depends 1n part on the characteristics of
the semiconductor process by which 1t 1s fabricated. How-
ever, circuit switching details may cause voltages to appear
across devices, such as FET's, that have a transient value that
1s greater than the static voltages of the circuit. Such excessive
voltages, even though transient, may eventually cause the
level shifter circuit to fail even 1f they are too small to cause
apparent harm for some time.

Among other useful features, the method and apparatus
described herein include features that avoid such excessive
transient voltages across semiconductor devices of a level
shifter. This enables a given semiconductor process to control
higher voltage and power, resulting 1n more cost-effective and
reliable level shifters. Various aspects of the method and
apparatus described herein will be seen to provide further
advantages, as well.

SUMMARY

An improved level shifting method and apparatus 1is
described for generating a control output that has a signifi-
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cantly wider voltage range than the voltage range over which
an input control signal operates. Many level shifter topologies
are possible, some examples of which are set forth in U.S. Pat.
No. 6,804,502 entitled “Switch Circuit and Method of
Switching Radio Frequency Signals™ 1ssued Oct. 12, 2004 to
Burgener, et al., the entire contents of which are hereby incor-
porated herein by reference.

One embodiment 1s a method of creating a final output
signal from a level shifter circuit that substantially
approaches a maximum voltage VDD 1n a first static state and
a minimum voltage VSS 1n an opposite second static state, the
state controlled by an input control signal to the level shifter
within an input control voltage range that i1s substantially
smaller than, and distinct from, the range from VDD to VSS.
The method includes generating the final output signal from a
final output drive block and generating, for each final output
drive block of the level shifter, upper and lower source supply
signals from corresponding upper and lower source supply
drivers. Each upper source supply signal 1s “at a rail” approxi-
mating VDD 1n one static state and 1s “at common™ approxi-
mating an intermediate value COM 1n the opposite static
state, and each lower source supply signal 1s “at a rail”
approximating VSS 1n one static state and “at common”
approximating COM 1n the opposite static state, such that in
cach of the opposite static states one of the source supply
signals for a particular final output driver 1s “at a rail” and the
other of the source supply signals 1s “at common™. In
response to each change from one state to the opposite state
initiated by a change 1n the input control signal, the method
turther includes preventing the source supply signal that 1s “at
common” from beginning to transition away from that con-
dition until after another drive signal has completed a signifi-
cant portion ol a transition from “at a rail” toward 1ts “at
common’ value.

The method of the foregoing embodiment may include
generating, under control of a single control signal to a level
shifter circuit, both a first differential final output signal from
a first final output drive block and a second differential final
output from a second final output drive block, the first and
second final output signals inverted with respect to each other
such that 1n one static state the first final output approaches
VDD and the second output approaches VSS, and in the
opposite state the second output approaches VDD and the first
output approaches VSS. The method includes providing a
corresponding upper and lower source supply signal pair to
cach of the final output blocks such that in each static state one
of each pair of source supply signals 1s “at common™ and the
other source supply signal of the pairis “atarail”. The method
may further include, 1n response to a change from one state to
the opposite state initiated by the single control signal, pre-
venting the source supply of one pair that 1s “at common”
from beginning to transition to *“at a rail” until after a source
supply signal of the other pair has transitioned substantially
from ““at a ra1l” toward “at common”. In response to the same
change of state, the method may alternatively prevent the
source supply of each pair that 1s “at common™ from begin-
ning to transition to “‘at a rail” until after the other source
supply signal of such pair has transitioned substantially from
“at a ra1l” toward “at common”.

In some embodiments the level shifter may have two stages
including a front end level shifter stage that produces differ-
ential intermediate level shifted outputs inverted with respect
to each other from intermediate output drivers under control
of the same input control signal, plus high and low interme-
diate source supply signals for each of the intermediate output
drivers. In that case, the method may further include coupling
VSS to all mntermediate output drivers and all intermediate
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source supply drivers of such a front end level shifter stage via
a resistor larger than 1000 ohms. The method may also
include disposing a capacitance between the high and low
intermediate source supply signals for each imntermediate out-
put driver.

Another embodiment 1s a level shifter having at least one
final output ranging from about a maximum voltage VDD of
a positive supply with respect to a common voltage 1n a first
static state to about a mimmimum voltage VSS of a negative
supply with respect to common 1n a second static state, either
state selectable by an input voltage value within an 1nput
voltage range much less than the range VSS to VDD. Each
final output driver stage 1s supplied by a corresponding high-
level source drnive circuit having an output “at a rail” and
approximating VDD 1n one state and “at common™ approxi-
mating common 1n the opposite state, and by a corresponding
low-level source drive circuit having an output “at common”™
approximating common in one state and “at a rail” approxi-
mating VSS in the opposite state, such that in each static state
one of the source drive outputs 1s “at common” and the other
source drive output 1s “at arail”, such final output drive circuit
thereby providing a final output at approximately VDD in one
state and VSS 1n the opposite state. The level shifter further
includes “away from common’ transition delay circuitry con-
figured to delay a transition by a source drive output from “at
common’ toward a rail until a different source drive output
has significantly transitioned from ““at a rail” toward com-
mon.

The level shifter may be a differential-output level shifter
including circuitry to produce final outputs verted from
cach other, a non-inverted final output being approximately
VSS 1n a first state and approximately VDD 1n an opposite
second state, and an inverted final output being approximately
VDD 1n the first state and approximately VSS 1n the opposite
second state. In that case the “away from common”™ transition
delay circuitry may preclude transmission of a changing con-
trol signal to a source drive circuit for the non-inverted final
output driver having output “at common” until after a ditfer-
ent source drive output for the inverted final output driver has
significantly transitioned from “at a rail” toward common.
Initiation of all transitions of source drive outputs from “at
common’ toward “at a ra1l” may be similarly precluded until
a source drive output from a relatively iverted final output
driver has significantly transitioned from “at a rail” toward
common.

The “away from common” delay circuitry may alterna-
tively delay 1nitiation of transitions by a source drive output
for a particular final output driver from “at common™ until
alter a source drive output for the same particular final output
driver has significantly begun to transition from *“at a rail”
toward common.

Any such level shifter may include two level shifting
stages, each independently generating a final output ranging
from VDD to VSS based only on one or more input signals
cach limited to a range substantially smaller than VDD to
VSS. In particular, the 1input signal ranges may be limited to
the range VDD to common and/or the range common to VSS,
exclusive of signals ranging from VDD to VSS. Any such
level shifter may additionally include a resistor within an
order of magnitude of 10 k ohms 1n series between a supply
source and all circuits of a level shifter stage coupled to such
supply source. Any such level shifter may include circuitry
that clamps each high-side and low-side control signals for a
supply source driver at a level causing the supply source
driver to output common, and to unclamp such control signals
only after another supply source driver output significantly
transitions toward common from “at a rail”. In particular, any
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such level shifter may concurrently clamp such control sig-
nals and decouple the clamped control signal from a signal
source by means of a clamped-output transmission gate.
Embodiments of the level shifting method or apparatus
may employ any combination of individual features of any >
described embodiment, insofar as such combination of {ea-
tures 1s practical and 1s not expressly disavowed within this

paper.
BRIEF DESCRIPTION OF THE DRAWINGS 10

Embodiments of the present invention will be more readily
understood by reference to the following figures, in which
like reference numbers and designations indicate like ele-
ments. 15

FIG. 1 1s a simplified schematic diagram of a level shifter
controlling an RF switching circuit.

FI1G. 2 illustrates the circuit that 1s represented by inverter
symbols.

FIG. 3 1s a simplified schematic diagram of a level shifter 20
stage.

FIG. 4 1llustrates a transmission gate plus clamp circuit
block for high-side signals.

FIG. 5 1llustrates a transmission gate plus clamp circuit
block for low-side signals. 25
FIG. 6 schematically illustrates a single-stage level shifter
circuit controlled by a high-side control signal between

ground and VDD.

FI1G. 7 schematically illustrates a single-stage level shifter
circuit controlled by a low-side control signal between VSS 30
and ground.

FIG. 8 schematically represents a two-stage differential
output level shifter with output block drive supply difierential
limiting.

FIG. 9 schematically represents a two-stage single-ended 35
output level shifter with output block drive supply differential
limiting.

DETAILED DESCRIPTION

40
The level shifting method and apparatus described herein
are particularly suited to avoiding a transient appearance of
excessive differential voltage between drive signals coupled
to an output drive block (or intermediate output drive block)
of an integrated circuit level shiiter. 45
FIG. 2 illustrates the transistor configuration represented
by 1nverter symbols 200 throughout this paper. The inverter
symbols include an mput IN 202 on the side opposite the
“bubble”, and an output OUT 204 at the end of the bubble.
Input IN 202 1s coupled to the gates of both a P channel FET 50
MP 206 and an N channel FET MN 208. The drains of these
two FETs are both coupled to OUT 204. The source of MP
206 15 coupled to a positive supply connection “V+., . 210,
represented schematlcally by aplus sign “+”, while the source
of MN 208 1s coupled to a negatwe supply connection 55
“V=crne 212, represented by a minus sign “-"
Ideally, the threshold voltages of the FETs are controlled to
be greater than half of the expected maximum voltage ditter-
ence between V+ o, ~ 210 and V-~ 212, such that when IN
202 1s rising, MP 206 will turn off before MN 208 begins to 60
turn on, and vice versa. However, in the exemplary process
the threshold voltage are only about IV, while the expected
voltage difference between V+,. 210 and V-, 212 1s
typically 2.4 V. As such, there 1s a finite amount of time when
both devices 1n an mverter 200 are “on”, causing simulta- 65
neous conduction or “shoot-through” current. However,
unlike clocked circuits, level shifters switch a control signal

6

which changes relatively infrequently, so a modest amount of
transitional electrical noise does not significantly add to aver-
age emissions. For frequent signal changes, or when 1nput
transitions are slow, the supplies V+.,~210 and V-, ~ 212
are limited, typically by means of current limit circuits.

The devices for each mverter 200 are selected for the
desired output drive capacity. For balanced output drive, the
MP 206 may need to have some combination of greater wider
and/or shorter length compared to the MN 208, due to the
typically lower conductance of a given size of P channel FET
versus an equal sized N channel FET.

Unless otherwise noted, the mverters represented 1n sub-
sequent figures by inverter symbols of type 200 may be
assumed to have N and P FETs that are differently sized to be
comparably conductive. The size of the inverter symbols 200
roughly indicates the size of the devices 1n the represented
mverter. Small, medium and large 1iverter symbols 200 are
employed. In an exemplary silicon-on-sapphire process
employed by the inventor, all FET's in 1inverter blocks 200 may
be assumed to have Vth of about 1V (-1 V for P FETSs). Small
iverter blocks may be assumed to indicate an N FET 208
having a channel of 2 microns width and 0.8 micron length,
and a P FE'T 206 having a channel of 3 micron width and 0.5
micron length. Medium size inverters represent an N FET
having a channel 4 microns wide and 0.8 microns long, and a
P FET with channel 6 microns wide, 0.5 microns long. The
large mverter symbols 200 represent an N FET of channel
width 20 microns and length 0.8 microns, and a P FET also of
width also 20 microns but of length 0.5 microns. The skilled
person will have no trouble selecting suitable FET sizes for
varying processes and circuit requirements.

FIG. 3 1s a simplified schematic of a basic single-stage level
shifter. In overview, mputs to a high-side inverter 302 and a
low-side inverter 308 control the source voltages for an output
inverter 314. VDD 104 1s coupled to the V+ - connection of
a first inverter block 302 whose V-~ connection is coupled
to a common voltage 304 which 1s often approximately mid-
way between VDD 104 and VSS 106. The mput 306 to
inverter 302 operates typically switches between the levels of
VDD 104 and common voltage 304, though devices may be
fabricated to accept inputs over other ranges. A second
inverter block 308 has the V+, -~ input coupled to the com-
mon voltage 304 and the V-, . coupled to VSS 106, so that
its input 310 typically, though not necessarily, accepts a con-
trol input that switches between approximately VSS 106 and
common 304.

The output 312 of mverter 302 switches between about
common 304 and VDD 104, and 1s provided to the V+, -
connection of a third, larger inverter block 314 whose V-~
connection 1s coupled to the output 316 of the iverter 308,
which switches between about VSS 106 and common 304.
Accordingly, when a suitable logic low level (about common
304) 1s applied to input 306, and a different suitable logic low
level (aboutVSS 106) 1s applied to input 310, outputs 312 and
316 go to VDD and common, respectively. Thus, inverter 314
has only a single supply voltage (VDD—common) disposed
across 1ts source connections. When inputs 306 and 310 are
switched to suitable logic low levels of about common and
VSS, respectively, the outputs 312 and 316 go to common
voltage and VSS, respectively. Thus, output inverter 314
again has only one supply voltage (common—VSS) disposed
across its source connections.

Thus, the V+,~ connection 312 and V-, connection
316 of the output mverter 314 switches between VDD and
common, respectively, for suitable logic low levels on inputs
306 and 310, and common a VSS, respectively, for suitable
logic high levels on inputs 306 and 310. Because the input of
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the output inverter 314 1s coupled to common 304, its output
318 goes to about VDD 1n the logic low input condition, and
to about VSS 1n the logic high condition. Output 318 1s the
primary output of this level shifter stage.

In some exemplary embodiments of level shifters, the
FETSs 1n mnverter block 314 have the same breakdown voltage
as do those 1n 1nverters 302 and 308, and both are close to the
greater of the first supply (VDD—common) or the second
supply (common—VSS). Under such circumstances it 1s
important that outputs 312 and 316 are never at VDD and
VSS, respectively, and indeed 1t 1s important that the voltage
difference across the outputs not exceed the greater of the two
supply voltage magnitudes at any time either the P FET or the
N FET of output inverter block 314 1s conducting. Such
overvoltage conditions may be avoided by the principles
illustrated in the circuits of FIGS. 4-9.

FIGS. 4 and 5 are signal transmit blocks that include a
transmission gate and a clamp to common. Signal Transmit H
400 of FIG. 4 1s mtended for operation with a “high” side
signal between VDD and common. The transmission gate
consisting of P FET 402 and N FET 404 couples a signal
between mput I 406 and output O 408 when the control
signals _ X 410 and X 412 are logic low (common) and high
(VDD) respectively. The signal 1s within a suitable voltage
range, which 1n the exemplary embodiment 1s the same as the
range ol the control inputs 410 and 412, 1.e., between com-
mon and VDD. When the control signals _410 and X 412 are
inverted to logic high (VDD) and low (common) respectively,
the signal at 1 406 1s blocked, and the output O 408 1s clamped
down to common by N FET 414.

Signal Transmit L. 500 of FIG. 5 1s intended for “low™ side
operation between common and VSS. The transmission gate
consisting of N FET 502 and P FET 504 couples a signal
between mput 1 506 and output O 508 when the control
signals _X 510 and X 3512 are logic low (VSS) and high
(common) respectively. The signal 1s within a suitable voltage
range, which 1n the exemplary embodiment 1s the same as the
range of the control inputs 310 and 512, 1.e., between VSS and
common. When the control signals _X 510 and X 512 are
inverted to logic high (common) and low (VSS) respectively,
the signal at 1 506 1s blocked, and the output O 508 1s clamped
up to common by P FET 514.

FIGS. 6 and 7 are both schematic diagrams of single stage
differential output level shifters. The level shifter 600 of FIG.
6 operates with a “high side” logic control input at IN_G2VD
602, 1.c., between common (low) and VDD (high). The level
shifter 700 of FIG. 7 operates with a “low side” logic control
mput at IN_VS2G 702, 1.e., between VSS (low) and common

(high).

The level shifter 600 includes a non-inverting output
OUT VS2VD 604 that rises from VSS to VDD when the
input IN_G2VD rises from common to VDD, and an inverted
output OUT_VD2VS 606 that falls from VDD to VSS 1n
response to the same iput change. The two outputs are gen-
crated by two 1inverter trios configured similarly as the high-
side inverter 302, low-side mverter 308 and output inverter
314 of FIG. 3. High-side inverter 608, low-side inverter 610
and output mmverter 612 generate the non-inverting output
OUT_VS2VD 604. This output 1s rendered non-inverting
from the mput by the additional high-side mverter 614 that
iverts IN_G2VD for the mput to inverter 608. High-side
iverter 616, low-side inverter 618 and output 1nverter 620
generate iverting output OUT_VD2VS, which, as 1n FIG. 3,
1s 1inverting with respect to the mput.

The mput to low-side mnverter 610 1s provided by the imnvert-
ing output OUT_VD2VS 606. However, that output signal
ranges from VSS to VDD, so it 1s limited to the proper input
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range (VSS to common) by N FETs 622 and 624. When the
output OUT_VD2VS 606 1s VDD, N FET 622 couples the
input of 610 to common 304, and when the output 1s VSS, N
FET 624 couples the mnput of 610 to VSS. Similarly, the input
to low-side mverter 618 1s provided by the non-inverting

output OUT_VS2VD 604, which 1s limited to the low-side
input range by N FET's 626 and 628.
In addition to the extra mverting stage 614 and the signal

limiting FE'Ts 622-624 and 626-628, cach half of level shifter
600 differs from the circuit of FIG. 3 by virtue of an imped-
ance Z:s 630 1n the connection to source supply VSS 106. Zs
630 serves to limit the value of the low-side supply during
transitions from one state to another. Because there 1s little
DC current flow, 1t has no impact on steady-state voltages. In
conjunction with capacitors 632 and 634 (typically about 0.5
pF each), Zs 630 limits the transient voltage swings that
would otherwise occur across the source supplies of the out-

put inverters 612 and 620, respectively. The high-side invert-
ers 608 and 616 are directly controlled by IN_G2VD 602;
hence outputs O_G2VD 636 and O_VD2G 638 will begin to
change first. Capacitor 634 causes the sink of inverter 620 to
track 1ts source, O_VD2G 638, causing output OUT_VD2VS
606 to rise. In turn, that causes inverter 610 to drive toward
VSS, which remnforces the movement toward VSS by
O_VS2G that was previously caused by capacitor 632 as
driven by inverter 608. In the same manner, capacitor 632
enables 1nverter 612 to almost immediately switch toward
VSS 1n response to a falling input at IN_G2VD 602. That in
turn causes 1nverter 618 to reinforce the rise toward ground of
O_G2VS 640 that was previously caused by capacitor 634
driven by inverter 616.

Zs 630 may serve a plurality of purposes. It may facilitate
an ability of capacitors 632 and 634 to maintain the source
voltage across output inverters 612 and 620 reasonably con-
stant during the switching sequence. It also slows switching
speed. In exemplary embodiments Zs 1s stmply a resistor of 5
k to 20 k ohms, but may have a resistance within an order of
magnitude of 10,000 ohms. Moreover, Zs may have an induc-
tive component, or even be primarily inductive, in which case
the impedance magnitude should be determined at a transi-
tion frequency Ft that 1s 1/Ts, where Ts 1s the transition time
from an mput transition at, e.g., IN_G2VD 602, to O_VS2G
642. Ts may alternatively be calculated as the time between
other suitable voltage transitions. The magnitude of the
impedance Zs should be greater than 1000 ohms at Ft, or may
be limited to being within an order of magnitude, or alterna-
tively within a factor of 4, of 10,000 ohms at Ft. Generally, 1t
1s preferable for 1t to be substantially larger than Rds(on) of
the mverters to which 1t 1s coupled (inverters 610, 618 1n FIG.
6, and 704, 708 1n FIG. 7). Zs may, 1n fact, be an active FET
device, with or without a second cascode device, configured
to operate substantially as a limited current source during
transitions. Zs 630 1s particularly usetul when the VDD and
VSS supplies (with respect to common) are asymmetric, 1.€.,
have different magnitudes, 1n which case Zs should be dis-
posed 1n series with the supply that 1s of larger magnitude.
VDD and VSS are asymmetric in an exemplary embodiment:
VSS 1s about -3.4 V, while VDD 1s about +2.4 V, both with
respect to common. Accordingly, in such embodiment Zs 630
1s disposed 1n series with VSS.

The single stage differential output level shifter 700 of FIG.
7 operates quite similarly as level shifter 600. However, input
IN_VS82G 702 directly drives low-side inverters 704 and 708,
the latter via extra low-side inverter 710. Thus, low side
output O_G2VS 712 will switch first, closely followed (due
to extra mverter 710) by low side output O_VS2G 714.
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Capacitors 716 and 718 (e.g., about 0.5 pF) will hold the
source voltage substantially constant across the output invert-
ers 720 and 722, respectively. This in turn permits the output
inverters to switch the outputs OUT_VS2VD 724 and
OUT_VD2VS 726. Those output voltages create the mput
voltages to high-side inverters 728 and 730, respectively, after
limitation to high-side mput range by P FET pairs 732, 734
and 736, 738, respectively. The switching of the high-side
inverters 730 and 732 finally reinforces the voltage of outputs
O_VD2G 740 and O_G2VD 742, which were initially driven
only via the capacitors 716 and 718. As in the level shifter
600, Zs 744 (5 k to 20 k ohms, primarily resistive, 1n exem-
plary embodiments) may be disposed 1n series with a supply,
particularly when VDD and VSS are asymmetric with respect
to common. Zs 744 may serve, for example, to facilitate the
ability of the capacitors 716 and 718 to maintain constant
source voltage for the output inverters during switching, par-
ticularly when the VDD and VSS supplies are asymmetric. Zs
744 may take on any value as described above for Zs 630, and
may be replaced by a current limiting circuit.

FIG. 8 schematically illustrates a two-stage differential
output level shifter 800. The first stage 802 1s a single stage
differential output level shifter having outputs as indicated 1n
the level shifters 600 and 700 of FIGS. 6 and 7. However,
because mput 804 1s presumed to accept high-side control
levels, level shitter 802 employs the switching logic of the
level shifter 600. The level-shifted outputs of the first stage
802 (OUT_VS2VD and OUT_VD2VS) are used only 1nter-
nally. Only the high-side and low-side outputs, including the
iverted outputs O_VD2G and O_G2VS, respectively, and
the non-inverted outputs O_G2VD and O_VS2G, respec-
tively, are used. These signals are coupled to a second stage of
level shifter 800 via signal transmit blocks. The high-side
outputs are coupled via Signal Transmit H blocks 806 and
808, then via high-side inverters 810 and 812, to produce high
side signals Sa 814 and Sd 816. These signals are again
inverted by higher power mverters 818 and 820 to produce
VDa 822 and VDb 824, which are V+, .~ connections for the
highest power output inverters 826 and 828, respectively. The
outputs of those inverters 826 and 828 are the final level
shifted differential outputs OUT 830 and OUTX 832 of the
two stage level shifter 800. Similarly, the low-side outputs are
coupled to the second stage via Signal Transmit L blocks 834
and 836, and then via low-side inverters 838 and 840 to
establish signals Sb 842 and Sc 844. Larger low-side inverters
846 and 848 produce the low-side non-inverted and inverted
outputs VSa 850 and VSb 852, respectively. VSa 850 and VSb
852 are the V-, connections for the output inverters 826
and 828, respectively.

Either the V+, . or the V-, connection of an output
inverter 1s at common 304 1n every static state. If such con-
nection at common voltage moves toward 1ts particular sup-
ply rail (VDD for V4.5, VSS for V- . ~) faster than the
opposite source connection moves toward common, then the
net voltage across the output inverter will increase above its
static value. This can impair reliability 1f the FET's are oper-
ating near their voltage withstand capacity. To avoid such
transient voltage spikes it 1s desired to ensure that whichever
source supply (V+cp~ 0r V—or ~) will be moving toward com-
mon voltage will be forced to substantially begin 1ts transition
betore the opposite source 1s permitted to begin transitioning.

This 1s accomplished 1n the level shifter 800 by means of the
Signal Transmit blocks 806, 808 and 834, 836.

When IN 804 1s logic high, VDa 822 1s at VDD, VSa 850 at
common, VDb 824 at common and VSb 852 1s at VSS. When
IN 804 transitions to logic low, all of these voltages will

change, but the transitions of VSa 850 and VDb 824 are
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delayed. They will change in response to the signal from
Signal Transmit L. block 834 and Signal Transmit H block
808, respectively. However, signals VSb 852 (VSS) on X and
Sc 844 (common) on _X 1mtially disable Signal Transmit L
block 834, while signals VDa 822 (VDD) on X and Sa 814
(common) mitially disable Signal Transmit H block 808. VSb
852 and Sc 844 are permitted to change by Signal Transmit L
block 836, which 1s initially enabled by VSa 846 (common)
on X and Sb 842 (VDD) on _X.

When IN 804 15 logic low, VDa 822 1s at common, VSa 850
at VSS, VDb 824 at VDD and VSb 852 1s at common. When
IN 804 transitions to logic low, the transitions of VDa 822 and
VSb 852 are delayed by the 1ni1tial condition of Signal Trans-
mit blocks 806 and 836. These Signal Transmit blocks will
not be enabled to transmit the new signal from the first stage
802 until VDb 824 and Sd 816, as well as VSa 846 and Sb 842,
have substantially transitioned. In all cases, suitable transi-
tion threshold voltages should be selected to ensure that rac-
ing cannot permit voltage spikes across the source voltages of
the output inverters 826 and 828.

In level shifter 800, initially disabled Signal Transmit
blocks for one side of the level shifter (either the non-nverted
OUT side, or the opposing OUTX side) are enabled by the
transition of an output an on the opposite side. These signals
are not available 1n single-ended (one sided) level shifters, so
an alternative circuit 1s illustrated for such level shifters 1n
FIG. 9.

A logic input 902 arbitranily selected to accept inputs
between VDD and common controls the two stage single-
ended level shifter 900 of FI1G. 9. The first stage (or front end)
1s a differential level shifter 904, which may be implemented
identically as the level shifter 600 of FIG. 6, or 1in any other
manner that will provide a high-side non-inverted output
O _G2VD between common and VDD, and a low-side non-
mverted output O_VS2G between VSS and common. Of
course, additional inverters 1n both sides atfect only the polar-
ity of the net output OUT 906 from the large output inverter
908. The small inverters 910 and 912 produce inverted signals
Sa 914 and Sb 916, which are inverted by medium inverters
918 and 920 to produce higher power non-inverted signals
VDa922 andVSa 924, whichinturnare V+ o, ~and V-, ~for
the output inverter 908.

Due to the lack of the opposite or differential “side” 1n a
single-ended level shifter, one solution 1s to employ two addi-
tional single-stage level shifters 926 and 928. The level shifter
926 accepts a high-side mput control from VDa 922 and thus
may be implemented like level shifter 500 of FIG. 5, while the
level shifter 928 accepts a low-side mput control from VSa
924 and thus may be implemented like level shifter 600 of
FIG. 6. The low-side outputs of level shifter 926, non-1nvert-
ing output O_VS2G 930 and 1verting output O_G2VS 932
are coupled respectively to X and _X of low-side Signal
Transmit L block 934. The high-side outputs of level shifter
928, non-inverting O_G2VD 936 and imverting O_VD2G 938
are coupled respectively to X and _X of Signal Transmit H
block 940. Thereby, when VDa 922 1s at common, it 1s pre-
vented from switching toward VDD until after a rising VSa
enables Signal Transmit H block 940 via level shifter 928; and
conversely, when VSa 924 1s at common, 1t 1s prevented from
switching toward VSS until after a falling VDa 922 enables
Signal Transmit L block 934 via level shifter 926. With proper
attention to threshold voltages, level shifter 900 may be even
more resistant to excess voltage spikes across its output
inverter 908 than 1s level shifter 800, but significant additional
circuitry 1s used to ensure suitable timing.

Level shifter input voltage ranges are typically between
VDD and common, or between common and VSS, but the
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level shifters can readily be modified to accept control input
over a nearly arbitrary input voltage range. Input circuitry of
level shifter 600 of FIG. 6 accepts control mnput voltages on
the high side (VDD to common), while input circuitry of level
shifter 700 of FIG. 7 accepts control input voltages on the low
side (common to VSS). In view of such alternative input
ranges, 1n combination with input range limiting circuitry
(e.g., such as represented by FET's 622 and 624 o1 FIG. 6) and
standard engineering knowledge, a skilled person will readily
be able to implement embodiments of any level shifter
described herein to accept inputs within another input voltage
range. Such input voltage range can be made nearly arbitrary
by use of range limiting circuitry, plus amplifying circuitry 1t
needed. Thus, although a level shifter by definition controls
an output over a different output voltage range than the input
voltage range, no particular restriction on the relationship
between input and output voltage ranges 1s necessary.

Although exemplary embodiments are shown, there are
many ways to achueve substantially the same result. In par-
ticular, the Signal Transmit blocks in FIGS. 8 and 9 may be
replaced by any suitable logic function that achieves substan-
tially the same effect. Different level shifter circuits may be
used 1in place of level shifter stages 802,902, 926 and 928, and
the inverter blocks may be implemented differently.
Conclusion

The foregoing description illustrates exemplary imple-
mentations, and novel features, of a level shifter with output
spike reduction, and of a method of shifting voltage while
avolding output drive spikes. The skilled person will under-
stand that various omissions, substitutions, and changes 1n the
form and details of each of the methods and apparatus 1llus-
trated may be made without departing from the scope of such
apparatus or method. Because 1t 1s impractical to list all
embodiments explicitly, 1t should be understood that each
practical combination of features set forth above (or conveyed
by the figures) that 1s suitable for embodying one of the
apparatus or methods constitutes a distinct alternative
embodiment of such apparatus or method. Moreover, each
practical combination of equivalents of such apparatus or
method alternatives also constitutes an alternative embodi-
ment of the subject apparatus or method. Therefore, the scope
ol the presented methods and apparatus should be determined
only by reference to the claims that are appended, as they may
be amended during pendency of any application for patent.
The scope 1s not limited by features 1llustrated 1n the exem-
plary embodiments set forth herein for the purpose of illus-
trating inventive concepts, except msofar as such limitation 1s
incorporated 1n a particular appended claim.

The circuits 1llustrated and described herein are only exem-
plary, and should be interpreted as equally describing such
alternatives as may be reasonably seen to be analogous by a
person of skill in the art, whether by present knowledge
common to such skilled persons, or 1n the future 1 view of
unforeseen but readily-applied alternatives then known to
such skilled persons.

All variations coming within the meaning and range of
equivalency of the various claim elements are embraced
within the scope of the corresponding claim. Each claim set
forth below 1s intended to encompass any system, apparatus
or method that differs only insubstantially from the literal
language of such claim, but only 1f such system, apparatus or
method 1s not an embodiment of the prior art. To this end, each
clement described in each claim should be construed as
broadly as possible, and should be understood to encompass
any equivalent to such element insofar as possible, except that
any construction encompassing the prior art 1s an unintended
and overbroad construction.
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What 1s claimed 1s:

1. A level shifter apparatus having at least one level-shifted
final output ranging from about a positive supply rail voltage
VDD 1n a first state to about a negative supply rail voltage
VSS 1n a second state, either of the two states adapted to be
selected based on value of an mput control signal operating
within a range substantially different from the range between
the negative supply rail voltage VSS and the positive supply
rail voltage VDD, the level shifter comprising:

a) a first inverting circuit and a second inverting circuit
configured to output a first inverter output voltage and a
second 1nverter output voltage, respectively, to a first
final output circuit, the first final output circuit config-
ured to produce a level-shifted final output based on the
first inverter output voltage and the second 1nverter out-
put voltage, wherein:

1) the first inverter output voltage 1s within a range from
about a common voltage to about the positive supply
rail voltage VDD,

11) the second inverter output voltage 1s within a range
from about the common voltage to about the negative
supply rail voltage VSS, and

111) 1n either of the first and second states of the level-
shifted final output, one of the inverter output voltages
1s e1ther at about the negative supply rail voltage VSS
or at about the positive supply rail voltage VDD and
the other iverter output voltage 1s at about the com-
mon voltage; and

b) a first transition control circuitry and a second transition
control circuitry connected with the first inverting circuit
and the second inverting circuit, respectively, each of the
transition control circuitries configured to delay a tran-
sition ol a corresponding inverter output voltage from
around the common voltage toward either about the
negative supply rail voltage VSS or about the positive
supply rail voltage VDD until the other inverter output
voltage has significantly transitioned from either about
the negative supply rail voltage VSS or about the posi-
tive supply rail voltage VDD toward the common volt-
age.

2. The level shitter of claim 1, further comprising a second
final output circuit for producing a level-shitted final output
inverted with respect to the level-shifted final output of the
first final output circuit, wherein:

a) the second final output circuit 1s coupled to a third

iverter output voltage via a third inverting circuit and to

a fourth inverter output voltage via a fourth inverting

circuit,

b) the third 1mverter output voltage 1s within a range from
about the common voltage to about the positive supply
rail voltage VDD, and

¢) the fourth 1mverter output voltage 1s within a range from
about the common voltage to about the negative supply
rail voltage VSS.

3. The level shifter of claim 2, further comprising a third
transition control circuitry and a fourth transition control
circuitry connected with the third inverting circuit and the
fourth mverting circuit, respectively, each of the transition
control circuitries configured to delay, after a state change
initiated by a change 1n the value of the input control signal,
initiation of transitions ol a corresponding inverter output
voltage from about the common voltage toward either about
the positive supply rail voltage VDD or about the negative
supply rail voltage VSS until the other inverter output voltage
has significantly transitioned from either about the positive
supply rail voltage VDD or about the negative supply rail
voltage VSS toward the common voltage.
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4. The level shifter of claim 3, wherein the first and second
inverter output voltages are coupled to the first final output
circuit and the third and fourth iverter output voltages are
coupled to the second final output circuit, and wherein the
iverter output voltages associated with the transition from
cither about the negative supply rail voltage VSS or about the
positive supply rail voltage VDD toward the common voltage
are coupled to one of the first and second final output circuits
while the inverter output voltages associated with the delayed
transition are coupled to the other final output circuit.

5. The level shifter of claim 3, wherein the first and second
iverter output voltages are coupled to the first final output
circuit and the third and fourth inverter output voltages are
coupled to the second final output circuit, and wherein one
inverter output voltage associated with the transition from
either about the negative supply rail voltage VSS or about the
positive supply rail voltage VDD toward the common voltage
1s coupled to one of the first and second final output circuits
while another inverter output voltage associated with the
delayed transition 1s coupled to the same final output circuait.

6. The level shifter of claim 1, wherein the first and second
iverter output voltages are coupled to the first final output
circuit and the third and fourth iverter output voltages are
coupled to the second final output circuit, and wherein one
iverter output voltage associated with the transition from
either about the negative supply rail voltage VSS or about the
positive supply rail voltage VDD toward the common voltage
1s coupled to one of the first and second final output circuit
while another mverter output voltage associated with the
delayed transition 1s coupled to the same final output circuait.

7. The level shifter of claim 1, wherein a change 1n the value
of the input control signal results 1n 1) a state change 1n the
level-shifted output voltage and 11) initiation of transitions 1n
cach of the first and second inverter output voltages.

8. A circuital arrangement having a final output voltage
ranging from about a positive supply rail voltage VDD 1n a
first state to about a negative supply rail voltage VSS 1n a
second state, either of the two states adapted to be selected
based on value of an mput control signal operating within a
range substantially different from the range between the
negative supply rail voltage VSS and the positive supply rail
voltage VDD, the circuital arrangement comprising;:

a) a first stage comprising a first level shifter and a second
level shifter, each level shifter comprising the level
shifter apparatus of claim 1, wherein each level shifter
comprises two mverting circuits configured to provide a
first intermediate voltage that 1s within a range from
about a common voltage to about the positive supply rail
voltage VDD and a second intermediate voltage that 1s
within a range from about the common voltage to about
the negative supply rail voltage VSS;

b) a second stage configured to produce the final output
voltage based on the first and second intermediate volt-
ages from each of the first and second level shifters; and

C) a non-parasitic capacitance disposed between each
inverting circuit in the two mverting circuits in each level
shifter.

9. The circuital arrangement of claim 8, wherein each of the
first and second transition control circuitries comprises a
transmission gate and a clamping circuit both controlled by
outputs of the second stage to interrupt and clamp one of the
first and second intermediate voltages from each of the first
and second level shifters to the common voltage and transmut
the other mtermediate voltage from each of the first and
second level shifters.

10. A circuital arrangement having a final output voltage
ranging from about a positive supply rail voltage VDD 1n a
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first state to about a negative supply rail voltage VSS 1n a
second state, either of the two states adapted to be selected
based on value of an mput control signal operating within a
range substantially different from the range between the
negative supply rail voltage VSS and the positive supply rail
voltage VDD, the circuital arrangement comprising:

a) a {irst stage comprising a first level shifter and a second
level shifter, each level shifter comprising the level
shifter apparatus of claim 1, wherein each level shifter
comprises two inverting circuits configured to provide a
first intermediate voltage that 1s within a range from
about a common voltage to about the positive supply rail
voltage VDD and a second intermediate voltage that 1s
within a range from about the common voltage to about
the negative supply rail voltage VSS;

b) a second stage configured to produce the final output
voltage based on the first and second intermediate volt-
ages Irom each of the first and second level shifters; and

¢) a supply impedance Zs disposed such that coupling of

any of the first and second intermediate voltages to a

selected supply that 1s eirther the positive supply rail

voltage VDD or the negative supply rail voltage VSS 1s
coupled to such selected supply via series connection
with Zs.

11. The level shifter of claim 10, further comprising a
non-parasitic capacitance disposed between each inverting
circuit in the two inverting circuits in each level shifter.

12. A method of developing, 1n a level shifter circuit, at
least one output signal that substantially approaches an upper
supply rail voltage VDD 1n a first state and substantially
approaches a lower supply rail voltage VSS 1n a second state,
either of the two states adapted to be selected based on value
of an input control signal to the level shifter that falls suitably
within an 1put control signal range that 1s substantially
smaller than the range from the upper supply rail voltage
VDD to the lower supply rail voltage VSS, the method com-
prising the steps of:

a) applying the input control signal to a first inverting block
to generate a first inverter output voltage and applying
the input control signal to a second inverting block to
generate a second inverter output voltage, wherein:

1) the first inverter output voltage 1s within a range from
about a common voltage to about the upper supply rail
voltage VDD,

11) the second inverter output voltage 1s within a range
from about the common voltage to about the lower
supply rail voltage VSS, and

111) 1n e1ther of the first and second states of the at least
one output signal, one of the inverter output voltages
1s e1ther at about the lower supply rail voltage VSS or
at about the upper supply rail voltage VDD and the
other mverter output voltage 1s at about the common
voltage;

b) applying the first and second inverter output voltages to
a first output block to generate a first output signal
among the at least one output signal; and

¢) during each transition of the at least one output signal
between the first and second states 1nitiated by a change
in the input control signal, delaying initiation of a tran-
sition by the inverter output voltage that 1s at about the
common voltage until after the other inverter output
voltage that 1s either at about the upper supply rail volt-
age VDD or about the lower supply rail voltage VSS has
significantly transitioned toward the common voltage.

13. The method of claim 12, further comprising:

applying the input control signal to a third inverting block
to generate a third inverter output voltage and applying
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the input control signal to a fourth mverting block to
generate a fourth inverter output voltage, wherein:
1) the third inverter output voltage 1s within a range from

about the common voltage to about the upper supply
rail voltage VDD,

1) the fourth mverter output voltage 1s within a range
from about the common voltage to about the lower
supply rail voltage VSS, and

111) 1n e1ther of the first and second states of the at least
one output signal, one of the third and the fourth
inverter output voltage 1s either at about the lower
supply rail voltage VSS or at about the upper supply
rail voltage VDD and the other inverter output voltage
1s at about the common voltage;

applying the third and fourth inverter output voltages to a

second output block to generate a second output signal

among the at least one output signal, wherein the second
output signal 1s inverted with respect to the first output
signal,

wherein:

1) the third nverter output voltage 1s inverted with
respect to the first inverter output voltage, and

1) the fourth mverter output voltage 1s mverted with
respect to the second 1nverter output voltage.

14. The method of claim 13, further comprising preventing,
for each of the first, second, third, and fourth mnverter output
voltages that 1s at about the common voltage, initiation of a
transition toward either about the lower supply rail voltage
VSS or about the upper supply rail voltage VDD until after the
inverter output voltages have completed a significant portion
of a transition from either about the lower supply rail voltage
VSS or about the upper supply rail voltage VDD toward the
common voltage.

15. The method of claim 13, further comprising preventing
initiation of transitions of the mverter output voltages from
the common voltage toward either about the lower supply rail
voltage VSS or about the upper supply rail voltage VDD until
alter the other output voltages have transitioned substantially
from either about the lower supply rail voltage VSS or about
the upper supply rail voltage VDD toward the common volt-
age, wherein the inverter output voltages associated with the
transitions from the common voltage toward either about the
lower supply rail voltage VSS or about the upper supply rail
voltage VDD and the inverter output voltages associated with
the transitions from either about the lower supply rail voltage
VSS or about the upper supply rail voltage VDD toward the
common voltage are coupled to different output blocks.

16. The method of claim 13, further comprising preventing
initiation of transitions of the mverter output voltages away
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from the common voltage toward either about the lower sup-
ply rail voltage VSS or about the upper supply rail voltage
VDD until after the other inverter output voltages have tran-
sitioned substantially from either about the lower supply rail
voltage VSS or about the upper supply rail voltage VDD
toward the common voltage, wherein the inverter output volt-
ages associated with the transitions from the common voltage
toward either about the lower supply rail voltage VSS or about
the upper supply rail voltage VDD and the verter output
voltages associated with the transitions from either about the
lower supply rail voltage VSS or about the upper supply rail
voltage VDD toward the common voltage are coupled to the
same output block.

17. The method of claam 12, wherein the level shifter
circuit comprises a first stage and a second stage, wherein the
first stage produces two pairs of imntermediate source supply
signals, one of the two pairs consisting of a first intermediate
voltage at about the common voltage 1n the first state and at
about the upper supply rail voltage VDD in the second state
and a second intermediate voltage at about the lower supply
rail voltage VSS 1n the first state and at about the common
voltage 1n the second state, the other of the two pairs consist-
ing of a first mtermediate voltage at about the upper supply
rail voltage VDD 1n the first state and at about the common
voltage 1n the second state and a second imntermediate voltage
at about the common voltage 1n the first state and at about the
lower supply rail voltage VSS 1n the second state.

18. The method of claim 17, further comprising disposing
a non-parasitic capacitor coupled to the first and second 1nter-
mediate voltages of each pair of such supply signals.

19. The method of claim 17, further comprising coupling a
selected supply, erther the upper supply rail voltage VDD or
the lower supply rail voltage VSS, to any intermediate voltage
ol the first stage only via a series impedance Zs common to all
such couplings to the selected supply.

20. The method of claim 19, further comprising disposing,
a non-parasitic capacitor coupled to the first and second inter-
mediate voltages of each pair of such supply signals.

21. The method of claim 17, further comprising delaying
initiation of a transition by the inverter output voltage that 1s
at the common voltage by interrupting one of the first and
second intermediate voltages from the first stage at about the
common voltage and clamping such intermediate voltage to
about the common voltage until the one of the first and second
intermediate voltages from the first stage 1s unclamped by the
other intermediate voltages significantly transitioning from
either about the lower supply rail voltage VSS or about the
upper supply rail voltage VDD toward the common voltage.
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